Abstract-This feasibility study compared the plasma inflammation-mediating cytokine response to an acute bout of handcycling (HC) with and without the addition of functional electrical stimulation (FES)-evoked lower-limb cycling. On two separate occasions, five recreationally active, communitybased participants with motor complete paraplegia (thoracic 5-7) performed 30 min HC and hybrid exercise (HYB) at a fixed power output. Venous blood samples were collected at rest, immediately postexercise, 1 h postexercise (post+1) and 2 h postexercise (post+2). Plasma interleukin (IL)-6, IL-10, IL-1 receptor antagonist (IL-1ra), adrenaline, and cortisol concentrations were determined via enzyme-linked immunoassay. Plasma IL-6 concentrations were significantly (p < 0.04) elevated (~2.5-fold) at post+1 and post+2 in HYB only. A small (0.5-fold), nonsignificant (p > 0.05) increase in IL-6 was observed at post+1 in HC, with concentrations significantly higher in HYB at post+2 (p < 0.02). Plasma IL-1ra was unaffected in both trials. Although not reaching statistical significance (p = 0.15), a ~1-fold increase in IL-10 concentration was seen in HYB at post+2. In contrast, increases in adrenaline (p < 0.04) and cortisol (p = 0.08) were observed immediately postexercise in HC and HYB. Initial findings suggest paralyzed skeletal muscle releases IL-6 in response to FES-evoked contractions. HYB may provide a greater anti-inflammatory potential in individuals with a thoracic spinal cord injury compared with HC alone.
INTRODUCTION
Lower-limb paralysis and immobilization following a spinal cord injury (SCI) result in the increase in relative adiposity and the atrophy of skeletal muscle [1] . Persons with an SCI are exposed to elevated factors for chronic disease, including altered metabolic regulation, physical inactivity, and chronic inflammation [2] . Cardiovascular mortality rates are therefore higher than those for non-SCI groups, with the onset of disease occurring earlier in life [2] . Following release from contracting skeletal muscle, the myokine interleukin (IL)-6 is associated with subsequent elevations in plasma concentrations of the anti-inflammatory cytokines IL-1 receptor antagonist (IL-1ra), IL-10, and the soluble tumor necrosis factor (TNF) receptors [3] [4] . It is proposed that this transient anti-inflammatory environment may contribute to the downregulation of proinflammatory pathways driving the development of insulin resistance and atherosclerotic plaque [5] . Subsequently, participation in regular exercise following an SCI may provide a therapeutic countermeasure to chronic inflammation and reduce the longterm risk of chronic diseases, including cardiovascular disease (CVD) and type 2 diabetes [6] .
As a result of the lower-limb paralysis, exercise training in people with an SCI typically involves upperbody activities (e.g., handcycling [HC] , wheelchair propulsion, arm-crank ergometry) [7] [8] . In non-SCI and thoracic level SCI groups, elevations in plasma IL-6 concentrations have been observed following moderate intensity, submaximal arm-crank ergometry [9] [10] ; wheelchair basketball performance [11] ; and maximal, treadmill-based wheelchair propulsion [12] . To date, the anti-inflammatory cytokine response to upper-limb exercise remains unclear [12] . Compared with manual wheelchair propulsion, HC provides a more efficient mode of outdoor mobility that reduces mechanical strain on the upper limb [13] . The relatively low physical strain, range of accessible equipment, and beneficial effects on physical capacity make HC a popular exercise mode for rehabilitation practitioners and sports competitors alike [14] . No work to date has examined the circulating plasma cytokine response to an acute bout of HC exercise.
The application of electrical currents to restore some functional movement, including standing and cycling, in paralyzed skeletal muscle is termed functional electrical stimulation (FES) [15] . Intensive FES-evoked cycling and resistance training improves metabolic health while increasing the size and strength of lower-limb lean body mass [15] [16] . The addition of FES-evoked cycling to concurrent upper-limb exercise, termed hybrid exercise (HYB), has been shown to elicit greater cardiorespiratory stress than arm exercise alone [17] . Via the activation of a larger muscle mass, HYB may provide a more effective method for improving cardiorespiratory fitness and reducing risk factors for CVD than traditional upper-limb exercise modes [18] . It is unknown whether the deterioration in skeletal muscle size [19] and alterations in skeletal muscle metabolism [20] observed following lower-limb paralysis will affect the release of IL-6 and the subsequent anti-inflammatory cascade. Similarly, it is unknown whether involuntary FES-evoked contractions can activate intracellular signaling mechanisms responsible for the production and release of the myokine IL-6 during acute exercise [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The aim of this feasibility study was therefore to compare the plasma inflammation-mediating cytokine response to an acute bout of HC with and without the addition of FES-evoked lower-limb cycling. We hypothesized that 30 min of moderate intensity voluntary HC would result in a significant IL-6 and anti-inflammatory cytokine response in a group of persons with thoraciclevel SCI. Importantly, this inflammation-mediating cytokine response would be augmented by the addition of FES-evoked lower-limb cycling because of the activation of a greater muscle mass and subsequent greater plasma IL-6 response postexercise.
METHODS

Participants and Study Design
Five recreationally active, community-based participants with a motor complete paraplegia volunteered to participate in the study ( Table 1) . At the time of providing written informed consent, participants were required to be at least 1 yr postinjury. Prior to participating in the experimental trials, each participant was required to have undertaken at least 3 mo supervised FES-evoked training (2-3 sessions per week). All participants had undergone full medical screening by an independent physician prior to undertaking their individual FES-evoked training. Experience with HC was not a prerequisite for inclusion. Exclusion criteria included the incidence of pressure sores, pacemaker, or lower-limb metal implants and evidence of hypertension or previous dysreflexic responses to FES-evoked exercise. All procedures were approved by the local ethical advisory committee and performed in accordance with the Declaration of Helsinki. The authors certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
The study used a repeated measures design, with participants performing three separate exercise sessions. During the first visit, an HC-only graded exercise test to exhaustion was performed to determine peak oxygen uptake (V Note: All participants presented motor and sensory complete injury (American Spinal Injury Association impairment scale A). * Female participant. HR peak = peak heart rate, PO peak = peak power output, RER peak = peak respiratory exchange ratio, SD = standard deviation, T = thoracic, TSI = time since injury, V · O 2peak = peak oxygen uptake.
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HC exercise with and without concurrent lower-limb FESevoked cycling at the same absolute power output (60% HC PO peak ) in a counterbalanced order. Main trials were separated by at least 7 but no more than 14 d.
Instrumentation
All exercise tests were performed on a commercially available eight-gear hybrid exercise bicycle (Berkelbike BV; St. Michielsgestel, the Netherlands) mounted on a cycle force magnetic flow ergotrainer (T1682, Tacx; Wassenaar, the Netherlands). A deceleration test to calculate rolling resistance was performed prior to each session as described in the manufacturer's operating manual. While in a seated position, participants' feet were strapped to adjustable aluminum ankle-calf supports to prevent movement about the ankle and constrain limb movement to the sagittal plane. The power measured at the front wheel was the result of the combined torque produced about the arm and leg cranks. The bicycle offers voluntary synchronous HC with passive or FESevoked asynchronous leg cycling movements. For FESevoked cycling, an external six-channel stimulator (Impuls, Berkelbike BV) provided electrical stimulation via self-adhesive electrodes (Tens; Nottingham, United Kingdom) placed bilaterally over the neuromuscular points of the quadriceps, hamstring, and gluteus muscles. The stimulator received information about pedal position and crank velocity from the crank encoder to control the cyclic stimulation pattern. The maximum stimulation intensity was 145 mA with a frequency of 35 Hz. Stimulation intensity could be manually adjusted via 7.5 mA increments/decrements. Seat angle, seat position, and crank height were individually manipulated and standardized to ensure the crank axle was positioned at shoulder height and sufficient degree of flexion remained around the knee joint. Tire pressure was set at 60 psi and controlled before each session using a manual tire pump with psi gauge (Topeak sport bike pump; Halfords, United Kingdom).
The Borg 6-20 scale was used to attain participants' differentiated rating of perceived exertion (RPE) throughout the trials. Participants were given standardized instructions detailing the use of the Borg 6-20 scale and the associated verbal anchors at the beginning of each session [22] . To determine central RPE (RPE c ), participants were asked to rate their perceived exertion for the heart, lungs, and breathing. To determine peripheral RPE (RPE p ), participants were asked to rate exertion only from the exercising muscle groups and joints. Overall RPE (RPE o ) was then reported as the combination of RPE p and RPE c . The RPE scale was visible to participants for the duration of each trial.
Data Collection
Preliminary Measurements and Graded Exercise Test to Exhaustion
On arrival, participants' body mass was obtained to the nearest 0.1 kg using double-beam seated scales (Marsden MPWS-300; Rotherham, United Kingdom). Participants rested in a seated position for 15 min before resting oxygen uptake (V · O 2 ) was measured for 10 min using an online, breath by breath respiratory gas analysis system (Cortex metalyser 3B, Cortex; Leipzig, Germany). Resting heart rate (HR) was recorded using radiotelemetry (Polar PE 4000; Kempele, Finland). To allow familiarization with the hybrid cycle and gearing system, all participants performed 10 min unloaded HC with passive leg movements. Following familiarization, a 5 min warm-up was performed at 10 W. The graded exercise test to exhaustion began at a power output (PO) of 10 W for 2 min. Subsequently, 10 W increments were added every minute until PO could not be maintained or the participant requested to stop. Because some participants were unable to manually adjust the gearing system, the experimenter altered gearing selection upon request. 
Main Experimental Trials
Handcycling only. Following a 5 min standardized warm-up of 10 W, HC exercise was performed at an imposed exercise intensity of 60 percent PO peak for 30 min. The participants self-selected their gearing during the first 3 min of exercise. Gearing was subsequently standardized across trials. V · O 2 and HR were measured continuously throughout the 30 min trial. A small capillary blood sample was obtained from the earlobe before exercise and every 10 min during exercise to determine blood lactate concentration (BLa  ) using a YSI 1500 SPORT Lactate Analyzer (YSI Inc; Yellow Springs, Ohio). The lactate analyzer was calibrated with a lactate standard of 5 mmol·l¯1. Differentiated RPE was also recorded every 10 min as previously described.
Handcycling with concurrent FES-evoked lowerlimb cycling (hybrid exercise). Self-adhesive electrodes were placed bilaterally over the lower limbs as previously described. Low intensity stimulation (60 mA) was provided during the standardized warm-up. Stimulation amplitude was manually increased 7.5 mA every 5 min during the main trial from an initial intensity of 60 mA. An incremental stimulation protocol was employed to negate the premature fatigue of lower-limb muscles and maintain a consistent recruitment of muscle fibers throughout the 30 min trial. V · O 2 , HR, BLa  , and differentiated RPE were recorded as in HC only.
Blood Collection and Analyses
A 7.5 mL blood sample was collected before (preexercise), immediately after (postexercise), 1 h postexercise (post+1), and 2 h postexercise (post+2) from an antecubital vein into a K 3 EDTA vacutainer. Blood samples were refrigerated until the final sample from each participant was collected and then spun down together in a refrigerated (4°C) centrifuge at 1,500g for 10 min. The separated plasma was immediately stored at 80°C. Plasma concentrations of IL-6, IL-10, IL-1ra, cortisol, and adrenaline were determined using quantitative sandwichtype enzyme-linked immunosorbant assay kits (IL-6, IL-10, TNF-α, IL-1ra: R&D Systems, Abingdon, United Kingdom; cortisol: DRG Instruments, Marburg, Germany; adrenaline: IBL International, Hamburg, Germany) according to the manufacturers' instructions. All samples were analyzed in duplicate. The within-assay coefficient of variation for the analyses performed were as follows: adrenaline: 2.7 percent, cortisol: 3.6 percent, IL-6: 6.5 percent, IL-10: 8.3 percent, and IL-1ra: 4.3 percent.
Statistical Analysis
All data were analyzed using the statistical package SPSS for Windows version 20 (IBM Corporation; Armonk, New York). Normal distribution of the outcome variables was confirmed for all variables. Data were analyzed in a two factor (group × time of measurement) mixed measures analysis of variance (ANOVA). When significant F-ratios were shown, separate one-way repeated measures ANOVA with Tukey post hoc tests were employed to determine changes across time within each trial. Separate paired Student t-tests were employed to determine differences between groups at each time point. A Bonferroni adjustment was performed on the unadjusted alpha value when performing multiple comparisons. For comparisons where the assumption of sphericity was violated, a Greenhouse-Geisser correction was applied. Data are presented as mean ± standard deviation except for ordinal differentiated RPE data, which are presented as median (quartiles). Nonparametric Friedman tests and Wilcoxon signed-rank tests were used to analyze differences in ordinal differentiated RPE data during both trials. Significance was set a priori at p  0.05. Effect sizes are presented whereby 0.2 refers to a small effect, 0.5 a moderate effect, and 0.8 a large effect according to Cohen [23] .
RESULTS
The participants' peak physiological responses are shown in Table 1 . A comparison between physiological responses to the HC and HYB trials is provided in Note: Data are mean ± standard deviation. %HR peak = percentage peak heart rate, BLa  = blood lactate concentration, RER = respiratory exchange ratio, V · O 2peak = peak oxygen uptake.
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The differentiated RPE responses for HC and HYB trials are shown in Table 3 . A significant (p < 0.03) increase in differentiated RPE was present during HC, with all differentiated RPE higher at 20 and 30 min than 10 min. No differences were seen in differentiated RPE across time during HYB. Although not statistically significant (p = 0.07), a tendency was shown for RPE p , RPE c , and RPE o to be lower in HYB than HC at 20 and 30 min (Table 3) .
When performing the two-factor mixed measures ANOVA, a significant effect for time (p = 0.04) and significant time × trial interaction (p = 0.01) were observed for plasma IL-6 concentrations. Plasma IL-6 was significantly elevated at post+1 (~2.5-fold) and post+2 (~2.5-fold) following HYB, with values significantly (p < 0.05) higher than pre-exercise and immediately postexercise. A small (0.5-fold), nonsignificant (p = 0.15) increase in IL-6 was present at post+1 following HC. In contrast, concentrations were significantly higher in HYB than in HC post+2 (p = 0.02) (Figure 1(a) ). Plasma IL-1ra was unaffected (p > 0.05) by exercise in both trials (Figure 1(b) ). No significant effects for time (p > 0.05) or time × trial interactions (p > 0.05) were present for IL-10 ( Figure  1(c) ). Although not statistically significant (p = 0.15), there was a tendency for IL-10 concentrations to rise in HYB. A mean ~1-fold increase in IL-10 concentration was present at post+2 (Figure 1(c)) .
A significant effect for time (p = 0.05) and nonsignificant time × trial interaction (p > 0.05) for adrenaline showed a significant effect of exercise in both trials. Immediately postexercise, plasma adrenaline concentrations were significantly elevated (p < 0.05) above pre-exercise concentrations and then returned to baseline levels at post+1 (Figure 2(a) ). Plasma cortisol concentrations showed a small but nonsignificant (main effect for time: p = 0.08; time × trial interaction: p = 0.97) increase immediately postexercise in both HC and HYB (Figure 2(b) ).
DISCUSSION
The present study investigated whether the addition of concurrent FES-evoked lower-limb cycling to voluntary HC exercise (HYB) could augment the acute response of inflammation-mediating plasma cytokines observed during HC alone. In accordance with previous literature [17] , submaximal V · O 2 was significantly higher during HYB than HC at the same absolute PO. The addition of FES-evoked cycling to voluntary HC resulted in a significantly greater IL-6 response (2.5-fold) compared with HC alone (0.5 fold). The elevation in IL-6 following HYB was associated with an increase in plasma IL-10 concentrations at post+2. The magnitude of the skeletal muscle-derived IL-6 response to acute exercise is dependent on both the intensity and duration of exercise, where intensity indirectly reflects contractile activity within the active muscle [3] . The production and release of IL-6 is regulated by a synergy of signaling pathways responsive to mechanical stimuli, intramuscular calcium concentrations, muscle glycogen stores, and the sympathetic nervous system (SNS) [3, 12, 21] . In support of previous findings, 30 min of moderate intensity upper-limb exercise alone resulted in a significant increase in SNS-mediated plasma adrenaline concentrations [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Despite this SNS response, the 0.5-fold increase in plasma IL-6 observed during HC was smaller than the IL-6 response previously reported by Kouda et al. in a group of non-spinal injured controls during 20 min arm-crank ergometry at the same relative intensity [9] . However, it must be noted that the participants in the current cohort were only recreationally active and experience of HC was not a prerequisite for inclusion in the study. It may therefore be suggested that the absolute PO performed (30-50 W) by the current untrained cohort may have been too low to initiate an IL-6 and anti-inflammatory cytokine response to HC alone, independent of SNS activation.
During HC, voluntary HC drove simultaneous passive leg-cycling as the participants' feet were attached to the foot pedals to standardize limb movement and position between trials. Ter Woerds et al. previously reported no alteration in arterial leg blood flow in persons with an SCI during passive cycling [25] . It can therefore be assumed that passive movements made no contribution to the metabolic response in HC. In contrast to voluntary muscle contractions, the recruitment of motor units during electrical stimulation progresses from large motor units to small motor units [15] . The small elevation (~0.1 L·min 1 ) in V · O 2 during HYB therefore represents the recruitment of highly fatigable fast-twitch muscle fibers with a low oxidative capacity [15] . The significantly greater BLa  and RER also observed during HYB highlight the reliance on anaerobic carbohydrate metabolism during FES-evoked cycling. As well as a mediator of inflammation, the myokine IL-6 is proposed as an energy sensing hormone that exerts autocrine and paracrine effects on skeletal muscle lipolysis to maintain substrate ability during exercise [3] . High rates of glucose metabolism and a subsequent lowering of muscle glycogen stores may therefore have contributed to the greater IL-6 response via stress-induced mitogen-activated protein kinase signaling, as previously described by Chan et al. [26] . In contrast to the intensity-dependent plasma antiinflammatory cytokine response reported by Scott et al. [4] , no IL-1ra response was seen with either exercise mode. However, the greater IL-6 response observed following HYB was associated with a small elevation in plasma IL-10 concentrations. IL-10 is principally released by regulatory T cells and acts to downregulate inflammatory processes via inhibitory effects on proinflammatory cytokine expression and immune cell activation [27] . Whether the postexercise elevation following HYB was IL-6 dependent or the consequence of a blood flow and SNS-mediated elevation in circulating, IL-10 secreting immune cells requires further investigation. An interesting finding of the present study was that, in contrast to Kjaer et al. [28] , SNS and hypothalamic-pituitaryadrenal (HPA)-axis activation were unaffected by the addition of FES-evoked cycling. The lack of humoral and reflex activation of the SNS and HPA-axis may be explained by the lower stimulation intensities and subsequent lower level of muscle recruitment and concentration of circulating metabolites (BLa  = 4 vs 8 mmol·l 1 ) in the present study [28] . These findings have important implications when examining the cardiovascular responses to FES-evoked exercise.
In the current study, differentiated RPE appeared lower during HYB than during HC despite the high anaerobic component of FES-evoked cycling and the significant elevation in BLa  . This finding is in agreement with Laskin et al. who, despite a greater V · O 2 , reported a lower overall perception of effort during hybrid rowing involving FES-evoked leg movements than arms-only rowing [29] . An increase in differentiated RPE was also observed across time during HC but not HYB in the present work. Afferent feedback relaying sensory information detailing localized chemical and mechanical stress during exercise is considered a primary driver of effort perception [30] . The accumulation of H + ions in contracting muscle is associated with lactate production during exercise, which in turn reduces muscle pH and induces metabolic acidosis [30] . However, afferent innervation is lost in muscle groups below the lesion level following a sensory complete SCI. The absence of change in RPE p or RPE o during HYB despite the elevated rates of lactate production and associated reduction in muscle pH confirms afferent feedback as primary driver of effort perception during exercise and physical stress. The findings of this feasibility study are based on a relatively small sample size. The effect sizes observed in the physiological data were sufficient to identify significant differences between the trials. In contrast, the more variable cytokine responses may have affected the possibility of finding significant differences between trials, particularly with the IL-10 data. The magnitude of the cytokine response to FES-evoked exercise may also have been influenced by the volume of age and SCI-related skeletal muscle atrophy of the current cohort. The effect of stimulation intensity (high vs low) and mode of FESevoked contraction (cycling vs isometric) on plasma myokine and cytokine responses requires investigation in a larger cohort homogenous for age and time since injury. Emphasis should also be placed on maximizing the antiinflammatory response to voluntary upper-limb exercise, while considering the effect of relative and absolute exercise intensities on upper-limb overuse in populations with relatively low physical capacity.
CONCLUSIONS
These initial findings suggest paralyzed skeletal muscle releases the myokine IL-6 in response to electrically evoked contractions. Moderate intensity (60% PO peak obtained during HC only) HYB was associated with an elevation in plasma concentrations of the anti-inflamma-tory cytokine IL-10, an effect not present when performing HC exercise alone in an untrained cohort. HYB may offer a method of maximizing the anti-inflammatory potential of acute exercise in individuals with a thoracic SCI responsive to FES-evoked contractions. When performing voluntary upper-limb exercise alone, the absolute exercise intensity (W), as well as the relative exercise intensity (%PO peak ), may be important in determining the magnitude of the anti-inflammatory cytokine response.
